Abstract-Vacuum arcs are known for their noisy character: all parameters show more-or-less rapid fluctuations. This is of particular concern to those who would like to utilize the exceptional properties of the vacuum arc plasma in ion sources and other devices. Among these properties are the very high degree of ionization and the presence of multiply ionized species. The rapid fluctuations are known to be ultimately caused by the explosive nature of the perpetual spot ignition and plasma production. We present a systematic application of the Fast Fourier Transform to the fluctuating arc voltage and current. New possibilities have arisen with the advent of fast digital oscilloscopes and low cost computation of large amounts of data. We show that the spectral power density (SPD) scales with a power law in log-log presentation for all frequencies below 50 MHz, supporting a fractal description of the cathode spot phenomena below this limit. At higher frequencies, the result is less clear. The fractal behavior seems to be cut off as indicated by material dependent fluctuations which are above the level found for the power law at lower frequencies. This might be associated with approaching the region of individual explosive processes, also known as ectons. However, the nonlinear behavior of the SPD contains peaks that are the same for different materials, indicating that resonances in the measuring circuit play a role, too. Hence, fractal behavior may be possible for frequencies faster than 50 MHz.
I. INTRODUCTION
It is well known that the emission of electrons from the surface of vacuum arcs cathodes is facilitated by highly non-stationary, non-uniform, and non-linear processes at cathode spots [1] . Cathodes spots are regions of extreme current density (and hence power density) where electron emission and plasma formation are intimately related. The phase transition from solid cathode material to the plasma of the cathode material is extremely rapid and leads to the explosive destruction of the electron emission center [2] .
Although the mechanisms of these processes have been studied for many decades, numerous questions remain unanswered. Looking at the large body of literature on cathode spots one can come to the conclusion that the results obtained by the various experimentalist depended on the equipment used. The greater the time and spatial resolution, the faster processes and smaller structures have been identified. Evidently, "zooming in" shows similar phenomena occurring at shorter time and length scales. Therefore, self-similarity is evident with respect to many physical parameters, which suggests interpreting cathode spot phenomena in the framework of a fractal model [3] . According to the theory of fractals one should look for power laws describing physical behavior because power laws are mathematically self-similar (affine). Indeed, power laws have been identified for several cathodic arc phenomena, among them are the size distribution of arc-spot-produced macroparticles [3] , the fluctuations of the emitted light [4, 5] , the ion current in the expanding plasma [4] , and the arc burning voltage [6, 7] , and to some degree the fluctuations of the arc current [8] .
In this contribution, we will give a very brief overview on these findings and focus on the use of Fast Fourier Transform (FFT) to characterize the fluctuating behavior of various arc parameters, especially voltage and current. Furthermore, we look for limits of the power law behavior, which is an indicator that the fractal concept has physical cutoffs which may be associated with elementary processes.
II. FRACTAL CHARACTERISTICS OF CATHODE SPOTS
The fractal character of cathode phenomena was recognized many years ago although usually it was not explicitly labeled as such. In the 1970s and 80s, much research focused on the apparent spot motion, which is better described as a sequence of emission sites appearing on the cathode surface. In the absence of an external magnetic field, the locations for emission site ignition was described by the random walk model [9, 10] . Random motion, for which the step width vanishes, s->O0, is Brownian motion. Brownian motion is recognized as fractal because it is self-similar, i.e. it retains its character when the scale of resolution (of measurement) is changed.
In the physical world, fractal objects have cutoffs at small and large scales, that is, self-similarity fails when zooming in or out because one has reached the limits dictated by elementary processes or quantum effects on the small scale, or one has reached physical dimensions of the system on the large scale, respectively. We look for non-fractal behavior at short scales to identify elementary processes, provided the resolution of our equipment is good enough to find the limits of non-self-similar features. This is best done investigating the character of fluctuations using the Fourier transform.
Smeets and Schulpen [4] , looked at fluctuations of ion current and emitted light using Fourier transform. They indicated a 1l behavior of amplitude spectrum and one may recognize some peaks at the high end frequency end of the measured spectrum at about 50
MHz. Using modern digital equipment, we can significantly expand the range of frequencies.
III. EXPERIMENTAL SETUPS FOR FOURIER TRANSFORM INVESTIGATIONS
In this report, we summarize experiments investigating the fluctuations ("noise") of arc voltage and arc current, some details of which were published recently [6, 8] .
Pulsed cathodic arcs were repetitively ignited using the self-trigger or "triggerless" arc initiation mechanism [11] . Two systems were used as power storage and supply. One was a large, 0.33 F bank of electrolytic capacitors switched by a high-voltage, high-current transistor. The large capacity in conjunction with a current-limiting 2.0 Q resistor ensured that the arc current did not droop much during the arc pulse. The maximum voltage of the capacitor bank was 350 V, supplemented with a 600 V "kicker capacitor" for reliable arc initiation. Data were captured well after the RC time of this "kicker." The arc repetition rate was 1 p.p.s. The other power system was equipped with a smaller, 100 aF, 1 kV oil-paper capacitor, switched with a thyristor and current-limited with a 1.0 Q resistor. The charging voltage was up to 500 V. When using the latter system, the data were captured well after the peak current such that the droop in current was small (< 15%) within the data capturing window.
The electrode configuration was a coaxial pulsed plasma source which was build by modifying a standard metal-ceramic high current feedthrough with 1/4 inch (6.25 mm) diameter copper rod. A small coupler was built that essentially extended the copper rod by a rod of equal diameter which served as the actual cathode (Fig.  1) . The cathode was enclosed by an alumina ceramic tube such that cathode spots could burn only on the front face of the rod. The anode was a set of rods, annularly arranged, connecting a front plate back to the grounded part of the feedthrough and grounded chamber wall.
All arc experiments were done in oil-free vacuum at a base pressure of about 10-4 Pa; no process gas was added. Due to the erosion (cleaning) action of the spots on the limited cathode area and the intentional delay of data acquisition with respect to arc initiation, arc spots were of type II, i.e. those characteristic for clean, metallic surfaces. The arc burning voltage was monitored directly at the vacuum feedthrough using a broadband 100:1 divider (Tektronix P5100, max. 250 MHz analog). The divider was connected to a digital storage scope (Tektronix TDS744, max. 500 MHz analog, 2 GS/s). The current data were measured via the voltage drop on a 8.33 mQ low-inductance shunt. The data were captured in sample mode (50,000 data points per arc) with various time resolutions and their associated sample rates. The data were then exported from the scope's memory to a computer for Fourier transform analysis. In an effort to further improve the time resolution and to expand the frequency interval, most experiments were repeated with the digital oscilloscope TDS5104B, with 1 GHz analog bandwidth and 5 GS/s sampling rate. The oscilloscope was set to record between 50,000 to 2,000,000 data points for each data acquisition. Most recording was done with 500,000 points because a larger number did not give much more information while unreasonably increasing the Fourier transform computation time, which increases exponentially with the number of data points. When using 500,000 points, the total data acquisition time was 40 pis, with 80 ps between data points.
IV. FOURIER TRANSFOM ANALYSIS
The single-pulse data were exported from the digital oscilloscope to a computer for Fourier transform analysis. Because the time-domain data were arrays of discrete data points rather than continuous functions, discrete Fourier transform (DFT) needed to be applied. The inverse of the sampling period represented a lower limit to the (digital) resolution of the transformed data (25 kHz). The upper limit was given by one half of the inverse of the sampling interval (Nyquist sampling theorem), which was 6.25 GHz. Obviously, digital effects limited the resolution at low frequency (the DFT curves exhibit unphysical oscillations which are quite visible at the low frequency end) while the analog bandwidth represented the true upper resolution limit (1 GHz).
ehe Ent
Conventionally, DFT is executed by fast algorithms that utilize certain symmetries in the data set (fast Fourier transform, FFT).
We used the Danielson-Lanczos algorithm as implemented in OriginR software. Each measurement was repeated 10 times (while keeping discharge conditions constant), and FFT was applied to each data set individually. The sets of FFT data for constant conditions were averaged to reduce the noise in the frequency domain. It is should be stressed that the averaging procedure was applied after FFT, otherwise one would have lost valuable information that might be contained in the fluctuations of the signal in the time domain.
IV. RESULTS
The results of the Fourier transform is customarily displayed as Spectral Power Density, SPD, expressed in (original unit)2/Hz. Figure 2 shows the SPD for some of the materials investigated. Additionally, a "zero" line was determined by creating a short (the cathode was touching the anode) and running the same current. Additionally, the noise of a short ("no arc") was analyzed. For better visibility, the curves were horizontally shifted as indicated by the multiplier.
one generally finds similar trends except that the deviations from the constant 1//f slope appear stronger, especially for the materials of high cohesive energy (Fig.  3) . Since the curves at lower frequencies are simply straight lines in log-log presentation (setting aside the artificial oscillations of the DFT), the investigation and presentation of figure 3 emphasizes the peaks seen at the highest frequencies accessible to the equipment. Frequency, (Hz) Fig. 3 . Spectral power density of the arc current, here measured for C, Mg, Ni, and W cathodes; arc current 20 A. Additionally, the noise of a short ("no arc") was analyzed. For better visibility, the curves were horizontally shifted as indicated by the multiplier.
It is known that higher arc currents are realized by increasing the number of simultaneously active emission centers (phenomenological, one observes spot splitting when increasing the current). This suggested to also study the dependence of the fluctuations on arc current. Figure 4 shows the results for Ta operated in the range 40-650 A. To reduce the overlap of the curves, some have been shifted by a multiplier as indicated. One can clearly see that level of noise and nonlinear behavior is stronger at low currents and occurs are lower frequencies. The curves are generally featureless with the exception of deviations (levels above the 1lfi slope, and peaks) at higher frequencies for cathode materials of high cohesive energy. In a recent paper we reported that when selecting the SPD at 40 MHz as a means of comparing the voltage noise level of different materials, one can find that the SPD scales approximately linearly with the cohesive energy of the cathode material [6] . The semi-metal carbon (graphite) deviated from this finding: its noise (SPD) was lower than the linear rule would predict.
Looking now at the noise (SPD) of the arc current, V. DISCUSSION AND CONCLUSIONS The main result from this investigation is that the noise of voltage and current of a cathodic arc, as expressed in the corresponding spectral power densities, is featureless for frequencies below about 50 MHz. No individual peaks could be found, indicating the absence of periodic elementary processes, or characteristic times that are slow (about 100 ns or slower). The Fourier spectrum displayed in log-log presentation corresponds to a power law, which is characteristic for fractal (self-similar) objects. The slope of such power law may be associated with the type of noise, however, as shown in a recent paper [8] , the slope is not always associated with the character of the noise but can be due to the spectral filter property (frequency band pass) of the measuring circuit. This explains why the SPD shows a slope when the current is run through a metal short, i.e. even in the absence of an arc discharge.
When higher frequencies are investigated, corresponding to faster processes, the SPD shows deviations from the power law due to nonlinear processes. However, the interpretation has to take two points into account.
One the one hand, the level of SPD is material dependent and clearly above the lower-frequency level, indicating that the signal contains information on the material specific emission processes. These processes are fast, in the 10 ns or faster region, and therefore the SPD contains evidence for the cutoff of the fractal model at high frequency, which is consistent with the ecton model of the cathodic arc [2] .
On the other hand, one can also clearly see that some peaks and valleys of the SPD appear exactly at the same frequency, regardless of the cathode material. This indicates that certain resonances of the measuring circuit play a role despite our attempts to minimize such effects by using a short plasma source, short cables and a low-inductance shunt resistor.
In conclusion, its has been shown that there is no evidence for any elementary processes that are slower than about 100 ns but there is evidence that elementary processes, if captured by the available setups and measuring techniques, are fast, of the order 10 ns or even faster. Due to resonance effects in the circuits, however, the cutoff of the fractal model is not yet convincingly demonstrated.
